Size Effects of Brittle Particles in Aerosol Deposition—Molecular Dynamics Simulation by Daneshian, B et al.
PEER REVIEWED
Size Effects of Brittle Particles in Aerosol Deposition—Molecular
Dynamics Simulation
Bahman Daneshian1 • Frank Gaertner1 • Hamid Assadi2 • Daniel Hoeche3 •
Wolfgang Weber1 • Thomas Klassen1,3
Submitted: 10 July 2020 / in revised form: 17 December 2020 / Accepted: 17 December 2020 / Published online: 5 February 2021
 The Author(s) 2021
Abstract Up to now, the role of particle sizes on the
impact behavior of ceramic particles in aerosol deposition
not yet fully understood. Hence, with the aim to supply a
more general understanding, modeling series of low strain
rate compression and high-speed impact were performed
by molecular dynamics on single-crystalline particles in
sizes of 10-300 nm that are tuned to match mechanical
properties of TiO2-anatase. The modeling results reveal
that particles with original diameter of 25-75 nm exhibit
three different impact behaviors that could be distinguished
as (i) rebounding, (ii) bonding and (iii) fragmentation,
depending on their initial impact velocity. In contrast,
particles larger than 75 nm do not exhibit the bonding
behavior. Detailed stress and strain field distributions
reveal that combination of ‘‘localized inelastic deforma-
tion’’ along the slip systems and ‘‘shear localization’’ cause
bonding of the small and large particles to the substrate.
The analyses of associated temperature rise by the inelastic
deformation revealed that heat diffusion at these small
scales depend on size. Whereas small particles could reach
a rather homogeneous temperature distribution, the evolved
heat in the larger ones keeps rather localized to areas of
highest deformation and may support deformation and the
formation of dense layers in aerosol deposition.
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U Lennard-Jones potential energy, eV
vP Particle velocity, ms
-1
e Lennard-Jones energy parameter, eV
r Lennard-Jones characteristic length parameter, Å´ (=
0.1 nm)
Introduction
Aerosol deposition (AD) is a room-temperature spraying
technique for producing ceramic films on a variety of
substrate materials, including metals, ceramics and even
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polymers (Ref 1-5). By this method, submicron to micron
size ceramic particles (Ref 1-5) are accelerated to veloci-
ties of typically 100-550 m/s by a gas flow through a
converging nozzle and expansion into a vacuum chamber,
where they impact onto the substrate (Ref 1-5). With
respect to high-velocity solid-state impacts, AD has some
similarity to cold spraying (CS), which is usually applied
for the deposition of ductile materials (Ref 6). For CS,
bonding mechanisms are associated with adiabatic shear
instabilities (ASI) (Ref 7). In AD, however, particles are
brittle and lack the plastic deformability that is needed to
reach conditions for adiabatic shear instability. Therefore,
bonding mechanisms in AD must be different from those of
CS. So far, three different hypotheses like room tempera-
ture impact consolidation (RTIC) (Ref 3, 8, 9), fragmen-
tation and packing consolidation (Ref 10) and bonding
between newly formed fractured surfaces (Ref 11) have
been presented as possible bonding mechanisms of brittle
particles in AD. Nevertheless, no common model con-
cerning bonding mechanism has yet been approved; some
of the discussed hypotheses are even controversial. Thus,
there is a need for systematic investigations, particularly
modeling, to reach a better understanding of the bonding
mechanisms in AD. Associated models should address
open questions concerning the roles of (i) ceramic particle
sizes, (ii) their impact velocities and (iii) the observed
nano-crystallization in deposited layers (Ref 1-3). This
study mainly focuses on the first two questions.
One fundamental aspect of AD is that bonding is suc-
cessful only for small particles, of typically submicron to
several micron sizes (Ref 1-5, 12), thus dealing with much
smaller dimensions than used in CS (Ref 6). There are few
reports on CS of ceramics, but they mainly deal with loose
agglomerates of submicron primary ceramic particles; thus,
basic mechanisms may be similar to those of AD (Ref 13).
For successful coating formation by AD, particle sizes need
to be small, but not too small. Certain critical minimum
and maximum sizes can be deduced from experiments (Ref
14-16). Whereas the lower limit can be attributed to (i) the
fluid dynamics of fine particles and deceleration by the bow
shock in front of the substrate (Ref 14) and (ii) needed
grain refinement in AD (Ref 17, 18), reasons for the defi-
nition of the upper limit are not yet clear. Concerning the
former point for minimum sizes (i), fluid dynamic simu-
lations confirmed that very fine particles do not reach to the
substrate by changing their flight direction along with the
gas flow in front of the substrate (Ref 14). Respectively,
needed inertias define a minimum size of the ceramic
particles for reaching the substrate with sufficiently high
velocity for successful deposition of dense ceramic layers
via AD. Concerning the later point for minimum sizes (ii),
experimental observations identified a sufficiently effective
grain refinement as necessary prerequisite for layer
formation by AD (Ref 17, 19, 20). So far, it is still under
discussion whether this grain refinement is just needed for
geometrical rearrangement to form dense layers from
originally more equiaxed particles or whether fresh sur-
faces of nano-fragments could play a role (Ref 11). The
upper limit of suitable particle sizes is mainly a matter of
achievable impact velocities, being lower for larger parti-
cles by their high inertia (Ref 18).
The experimental results regarding needed particle sizes
in AD and process conditions are very case sensitive. For
example, experimental studies for the case of alpha-Alu-
mina (Ref 2, 3, 15) report that particles with the typical size
of 100-700 nm create dense AD coating layers. Too fine
alpha-Alumina particles change direction during spraying
not contributing to the formation of AD layers. In contrast,
alpha-Alumina particles larger than 700 nm do not form
dense AD layers and they rather cause surface erosion
effects on the substrate like regular sandblasting. In case of
TiO2-anatase powders, the larger particles of up to sizes 2.4
micron could be successfully deposited via AD (Ref
19, 20). However, so far no minimum size limit for the
deposition of TiO2-anatase powders has been reported yet.
Since most of currently reported data deal with rather
similar process conditions used for AD, respective in
needed size ranges for successful layer formation of dif-
ferent materials might be attributed to individual defor-
mation and grain refinement features depending on
material properties.
Furthermore, it should also be mentioned that, despite
the influence of the particle size alone, there are also sev-
eral evidences that the initial condition of powders like
humidity (Ref 5) and powder preparation methods like ball
milling (Ref 5) can greatly influence the performance in
layer formation by AD. In addition, studies showed that
particles of submicron to micron size are strongly prone to
agglomeration either by electrostatic surfaces charges or
van der Waals interactions that could hinder deposition
(Ref 5). Although agglomeration can be reduced by
application of the vibration of the powder generator, re-
agglomeration of small particles may be again happened
during the fluidized flow (Ref 5). Therefore, it is rather
challenging to derive respective correlations or distinctions
between possible influences of powder conditions and
treatment on the success of layer formation in AD.
So far, the experimental results regarding needed parti-
cle sizes for AD give guidelines for layer formation, but by
the complexity of influences still miss explanations for
deriving general rules. Computer modeling has the
advantage that it allows to focus on individual questions
and influential parameters, and step-by-step making models
more complex to adopt to realistic conditions.
Despite ceramic materials usually behaving brittle, it has
so far been well established that cracking in ceramics under
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compression can be suppressed at small length scales (Ref
21, 22). Recent studies reveal that submicron ceramics like
Al2O3 nanoparticles (Ref 23, 24), TiO2-anatase nanoparti-
cles (Ref 25), MgO nanocubes (Ref 26), GaAs micropilars
(Ref 27) and silicon nanoparticles (Ref 28) show ductility
and plastic deformation under quasi-static compression at
room temperature. These results can be explained by a
brittle to ductile transition occurring at small scales.
However, in a spraying process like AD, also the high
deformation rates of ceramic particles have to be taken in
account.
The aim of this study is to shed some light onto the
influence of size of monolithic or even single-crystalline
brittle particles on their deposition behavior in AD by
series of molecular dynamic (MD) computations (Ref 29).
With respect to potential applications of AD coatings in
photo-catalysis and water splitting for hydrogen produc-
tion, TiO2-anatase has been selected as model system (Ref
30). To mimic the deformation of TiO2-anatase during
impact in AD, respective mechanical properties were sep-
arately adjusted in the model system. The molecular
dynamics method (MD) was selected because of its ability
for detailed analysis of field variables such as stress, strain
and temperature at small length scales for fast phenomena
like the AD impact processes. In addition, MD is in prin-
ciple capable even to monitor nanocrystallization, a feature
being relevant for AD coating formation (Ref 1-5). In
comparison with previous MD analysis and other computer
modeling attempts of AD (Ref 3, 8, 9, 31, 32), where only
few and mainly very small sizes were studied, the present
study covers a significantly wider range and particularly
larger particle sizes of up to 300 nm. In addition, extracting
local field variables like atomic stress, atomic strain and
local temperature, the present study allows for providing
details on the impact behavior and associated deformation
mechanism. By the lack of suitable analytical methods in
MD, such was not possible at the time when previously
reported results were created (Ref 8, 31, 32).
In the present case, a two-dimensional (2-D) MD
approach was applied in order to reduce the computational
time. The applied series of MD modeling should supply
detailed information on stress, strain and temperature dis-
tribution to contribute to the understanding of the impact
process and bonding mechanism in AD.
Modeling Methods
In this study, 2-D MD simulations of slow rate compres-
sion and high-speed particle impact were performed for
single-crystalline particles in order to cover a wide size
regime ranging up to sizes of 300 nm. Although original
sizes of particles in AD are typically in a submicron to
some micron range (Ref 5), maximum particle diameters
had to be limited to 300 nm due to limitation of MD with
respect to needed computational times. Instead of using
long-range Coulombic interactions between ions inside the
anatase structure, which could drastically increase simu-
lation efforts for large particles, a modified Lennard-Jones
potential was applied to mimic the mechanical properties
of TiO2-anatase as given in Eq 1, in order for keeping
computational times in acceptable ranges:
  ð1Þ
where r is the distance between two atoms and rc is an
adjustable cutoff radius. r = 2.23 Å´ is characteristic length
scale and e is the energy parameter. Brittleness was intro-
duced by adjusting the cutoff distance of the attractive
potential. The e parameter was tuned by tensile and com-
pression MD simulations in order to mimic the brittleness,
Young’s modulus and the compression behavior of a
33-nm single-crystal TiO2-anatase particle for matching
the compressive strength reported in the literature (Ref
25, 33). By applying rather slow deformation rates in sin-
gle-particle compression, the modified Lennard-Jones
potential function was adjusted to reproduce the experi-
mentally observed deformation data with respect to similar
compressive strength and Young’s modulus. The tuned
potential function was then applied for following simula-
tions of tensile tests, the deformation of TiO2 particles of
various sizes in compression and the impact behavior in
AD. By subsequent fine-tuning, rc and the e parameter in
Eq 1 were set to 3.345 Å
´
and 0.45 eV, respectively. The
2-D tensile test model was cut from a large single crystal
with closed-packed atomic structure, i.e., a (11) plane in
2-D. Figure 1 shows the tensile test model setup (Fig. 1a),
the brittle failure configuration in the cross section of the
model after simulation (Fig. 1b) and the computed stress–
strain diagram (Fig. 1c), demonstrating the brittle behavior
of the model material.
It should be noted here that 2-D simulation has signifi-
cant limits with respect to represent the real behavior of
ceramic materials. 2-D models have to often simplify the
complex crystallographic structure (here closed packed
fcc). Also, in 2-D, strengths of local bonds are just aver-
aged as mean value, and with that allow for more available
gliding systems of the system than available in reality. In
addition, 2-D simulations geometrically involve a lower
degree of freedom for deformation than 3-D approaches.
Thus, also results from the present 2-D simulations should
be interpreted with care for deriving absolute numbers with
respect to sizes and velocities. Nevertheless, the simplified
2-D approach should be rather suitable to derive general
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trends and possible changes under wide parameter varia-
tion, as performed here for velocity and sizes.
The compression MD model setup is presented in
Fig. 2(a). The main goals for the compression modeling
were (i) mimicking the mechanical properties of TiO2-
anatase particles, (ii) studying the influence of particle size
under quasi-static loading and (iii) to have a reference
system for quasi-static loading conditions and respective
deformation patterns. The comparison with the high-ve-
locity impact phenomena could support the assessment of
deformation mechanism in the AD process. The simula-
tions were performed by compressing 2-D single-crys-
talline particles up to 20% reducing of their initial diameter
in Y direction (height reduction). Preliminary simulations
demonstrated that such displacement is sufficient to reveal
the formation of cracks inside the larger particles. Thus,
due to the limited computational time in MD, a compres-
sion to a height reduction 20% of the initial particle
diameter was applied for the comparative analyses of dif-
ferent sizes. MD compression simulations reported in the
Fig. 1 Principle and output of the MD tensile test model: (a) initial MD tensile test model setup, (b) brittle fracture failure, (c) stress–strain
diagram
Fig. 2 Schematics of the MD
models for compression and
impact simulation: (a) initial
setup for the compression
models, (b) initial setup for
impact models
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literature applied compression ratios of 33% for a 50-nm
alumina particle (Ref 34) and of 50% for 40-nm Si
nanoparticle (Ref 35), respectively. However, the particle
sizes in the reported works were far smaller than those
applied here in the present study. Similar to the tensile test
model, the single-crystalline compression test model was
cut from the (11) plane in 2-D, including the 2 rigid jaws at
the bottom and top and the particle in between. Accord-
ingly, the crystal orientation of the particle and lower and
upper jaws were all the same. The particles were com-
pressed in Y direction between a stationary bottom and a
moving upper jaw, the setup being illustrated in Fig. 2(a).
The compression simulations were performed for a con-
stant deformation velocity of 40 m/s. Such threshold was
set due to restricted computational time in MD, as also
stated in previous MD studies of particle compression (Ref
35).
After establishing the material description to match the
mechanical properties of TiO2-anatase, respective models
were developed to study the impact behavior of single-
crystalline particles in AD with initial diameters of 10, 25,
33, 50, 75, 100 and 300 nm. The particles and substrates
were also cut from the (11) plane of atoms in 2-D. The
impact models were created according to the setup shown
in Fig. 2(b) in order to mimic the AD process parameters
by considering particle size and impact velocity as the
main variables in simulation. The substrates were consid-
ered as rigid for avoiding any influence from substrate
deformation and possible boundary effects caused by the
model size. The initial particle temperatures were fixed to
300 K. The deformation behaviors of each particle size
were studied by varying the impact velocities (Y direction)
onto the substrate in a range from 100 to 800 m/s at step
widths (accuracy level) of 50 m/s. Only for the size of
75 nm, the step width had to be refined to 10 m/s, to allow
for distinguishing transitions in deformation modes.
All tensile, compression and impact simulations were
carried out as microcanonical ensemble (NVE), where the
total energy and the volume (area in 2-D) of the MD
simulation box are considered as constant. The behavior of
the system in all of the tensile, compression or impact
models, here especially the interaction with the system
walls, does not require any definition of periodic boundary
conditions. The time steps in all simulations were set to
5910-15 s. Equations of motion were integrated using the
Velocity Verlet algorithm (Ref 29). All of the molecular
dynamic (MD) simulations were performed by the
LAMMPS (https://lammps.sandia.gov) software (Ref 36).
The atomic stress and local temperature fields were also
calculated by LAMMPS. The atomic strains were calcu-
lated by using the OVITO (www.ovito.org) software
package (Ref 37). The OVITO software was also applied
for visualization of all the morphologies, stress, strain and
temperature fields attained by the simulations.
Results
Features of Slow Rate Particle Compression
Slow rate particle compression was simulated for fine
tuning of the model to experimental compressive strength
data, for studying general features of particle deformation,
and to gain information on possible limits with respect to
maximum strain before failure. Figure 3(a) to (f) shows the
compression behavior by series of time-integrated Von
Mises atomic shear strain fields in monolithic TiO2-anatase
particles, with initial diameters of 10, 25, 50, 75, 100 and
300 nm and after final unloading. The particles were all
compressed up to 20% of their initial diameters and then
unloaded. The Von Mises atomic shear strain field is a
useful criterion in atomic simulations showing local
regions where inelastic deformation occurs. In other words,
shear strain field analyses provide deformation pattern
during a loading process and allow to identify regions of
locally high or low strain concentrations. Assuming defined
strain thresholds for plasticity, the analyses according to
Fig. 3 show that traces of similarly high shear strains fields
reveal ‘‘localized inelastic deformation’’ mainly occurring
along the slip directions of the particular crystal structure.
For all the examples of brittle particles with different sizes
shown in Fig. 3 under quasi-static compression loads, such
‘‘localized inelastic deformation’’ is observed.
The strain field pattern shows that the ‘‘localized
inelastic deformation’’ for all particle sizes starts from the
top and the bottom of the particles and then extends
towards the center along the slip systems of the close
packed (11) planes. In areas closer to the center, the fields
of high strain and ‘‘localized inelastic deformation,’’ which
propagate on different planes towards the center, inter-
sect. Within these areas, a higher density of high strain
fields, here denoted as ‘‘shear localization,’’ is observed. In
these areas of ‘‘shear localization,’’ the orientation of
maximum strain locally changes, particularly visible for
particle sizes C 50 nm. As an example, Fig. 3(d) in addi-
tion contains a magnified view on such an area of ‘‘shear
localization.’’ The occurrence of the shear localization
causes a change in deformation direction from the slip
system towards the maximum shear strain direction of 45.
Such combination of the ‘‘localized inelastic deformation’’
along the slip systems at the initial phase of compression
and ‘‘shear localization’’ afterwards can be described as the
main compression deformation feature of all investigated
particles sizes. Similar analyses of strain pattern were then
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later applied for studying the deformation behavior of the
impacted particles.
Apart from the localized deformations and shear local-
izations observed inside the particles, different types of
cracks can be seen in the snapshots of Fig. 3. In particles
equal or smaller than 75 nm (Fig. 3a-d), cracks formed
only during the unloading phase. These ‘‘unloading
cracks’’ are created by the tensile component in the test
system when the upper jaw moves back, being still fused to
the deformed particle. In larger particles with sizes of
100 nm and 300 nm, however, also cracks are created
already during the loading phase, here denoted as ‘‘loading
cracks’’ in Fig. 3(e) and (f). With respect to their orienta-
tion, these loadings cracks can be associated with shear
cracks.
In order to understand the role of particle size during
compression, detailed analyses were performed to deter-
mine the temporal evolution of stress, strain and tempera-
ture fields. For revealing differences of particles that do not
show any fracture during the loading phase and others that
show loading crack on its outer surface, particle sizes of
50 nm and 100 nm, respectively, were selected as
examples.
Figure 4 exhibits the temporal development of stress in
Y (parallel to the compression direction), shear strain,
temperature and stress in X (perpendicular to the com-
pression direction) in the 50-nm particle during compres-
sion with a rate of 40 m/s. Time sequences of 51, 113, 230
and 280 ps were selected in order to illustrate the most
important phenomena like stress concentration at contact
areas, stress relaxation, localized inelastic deformation and
temperature evolution.
As shown in Fig. 4(a), a homogenous stress gradient in
Y direction (parallel to the compression direction) develops
from the upper and lower contact areas, the maximum
stress being more localized at the interface to the upper and
lower jaws, respectively. In spite of the continuous com-
pression by upper jaw movement and the increase in con-
tact area to the jaws, local compressive stresses with
increasing time show a relaxation that cannot be described
by elasticity only. The reason for this stress pattern
development is given by the formation of localized
inelastic deformations as depicted in the shear strain fields
in Fig. 4(b). From comparing the stress in Y direction in
Fig. 4(a) with the shear strain fields in Fig. 4(b), it becomes
obvious that these inelastic deformations occur locally in
Fig. 3 Simulated deformation patterns after compression loading and
unloading (deformation history) by Von Mises shear strain fields
inside the TiO2 particles for different initial diameters of (a) 10 nm,
(b) 25 nm, (c) 50 nm, (d) 75 nm, (e) 100 nm and (f) 300 nm. The
strain pattern reveals (i) localized plastic deformations along the slip
systems and (ii) shear localization in an orientation relation of 45
with respect to loading direction
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areas of highest shear stress and that local stress relaxation
is associated with the formation of the localized inelastic
deformations. Figure 4(b) also indicates that the localized
inelastic deformations occur along the slip directions by
starting from the contact areas and extending towards the
center of the particle. Shear localization can also be
observed at time steps of 230 and 280 ps. The local tem-
perature evolution at the time sequences of 51, 113, 230
and 280 ps inside the compressed 50-nm particle is
depicted in Fig. 4(c), by analyzing the kinetic energy of
atoms in the surrounding of defined atoms. The comparison
of the evolution of local temperature fields (Fig. 4c) with
that of the strain distribution fields (Fig. 4b) reveals that the
particle deformation results in local heat generation asso-
ciated with inelastic deformation. For the size of 50 nm, a
rather homogeneous temperature distribution within the
whole particle is achieved at 280 ps (end of the loading
phase with 20% displacement in the compression simula-
tion). A peak temperature of 600 K is reached in the 50-nm
particle at the end of the loading phase. Even within the
investigated short time scales, heat diffusion seems to play
a role, increasing the temperature also in regions that are
not or less deformed, finally resulting in a rather uniform
temperature distribution.
Figure 5 displays the temporal development of stress in
Y (parallel to the compression direction), shear strain,
temperature and stress in X (perpendicular to compression
direction) in the 100-nm particle during the compression
with a rate of 40 m/s. The time steps of 115 ps, 270 ps,
480 ps and 535 ps were selected to reveal the most
important phenomena like stress concentration at contact
areas, stress relaxation, localized inelastic deformation and
especially temperature evolution and crack formation in the
100-nm particle.
According to the stress fields in Y direction in Fig. 5(a),
stress concentrations are maximum close to the contact
areas to the jaws at a time step of 115 ps. In the next time
intervals, the stress fields in Y direction develop patterns of
local relaxation and the overall stress then generally
declines and vanishes completely at the end of the loading
Fig. 4 Temporal development of stress in Y (parallel to compression
direction), shear strain, temperature and stress in X (perpendicular to
compression direction) inside the 50-nm TiO2 particle during loading
with a velocity of 40 m/s at 51, 113, 230 and 280 ps after first contact
between jaws and particle. Stress localization and stress release can
be clearly seen in the compressive stress results at 51 and 113 ps,
respectively. Shear strain fields depict phenomena of ‘‘inelastic
localized deformation’’ and ‘‘shear localization ‘‘at the upper and
lower part of the particle (113 ps) and their distribution towards the
center of the particle at later time steps (113-280 ps). Local
temperatures reveal heat generation in highly deformed zones (113-
230 ps), at later time steps also heat diffusion rising the temperature
in less deformed areas (230-280 ps). Stress fields in X-direction show
an almost homogenous distribution during compression
J Therm Spray Tech (2021) 30:503–522 509
123
phase (535 ps). Like for the 50-nm particle, the locally
starting stress relaxation can be explained by inelastic
deformation as assessed via shear strain analysis. When the
stress concentration in the 100-nm particle peaks at the
contact areas to the jaws, the shear strain results in
Fig. 5(b) indicate the occurrence of localized inelastic
deformations along the slip directions initiating from the
contact areas and extending towards the center of the
particle. With increasing time, as given by the snapshots at
270 ps and 480 ps after the start of compression, areas of
localized inelastic deformation, associated with their
intersection, locally change direction from the basic slip
system to 45. The change in strain direction in areas of
strain localization becomes more prominent with ongoing
deformation, as shown by the snapshots for 480 and
535 ps. The comparison to Fig. 5(a) shows that the
development of shear strain fields inside the 100-nm par-
ticle correlates well to the decline in Y-stress fields.
The occurrence of localized inelastic deformation inside
the particle in Fig. 5(b) generates heat. Figure 5(c) shows
the respective temperature fields. The local temperatures
are maximum in areas of highest shear concentration close
to the center of the 100-nm particle. The maximum tem-
perature within the inelastic deformation areas locally
reaches up to 1000 K, despite the superimposed heat dif-
fusion to the surrounding. Within the selected time scales,
the generated heat cannot dissipate to a larger volume of
the 100-nm particle, thus still remaining rather localized.
As shown in Fig. 5(d), the formation of the loading
crack on the surface of the 100-nm particle can be
explained by the stress distribution in X-direction. At the
time step of 270 ps, stress fields in X-direction show
regions of maximum stress concentration at the upper-left
and lower-right surfaces, as well as the center of the
100-nm particle. The formation of the loading crack at the
upper-left surface of the 100-nm particle at 270 ps is
Fig. 5 Temporal development of stress in Y (parallel to compression
direction), shear strain, temperature and stress in X (perpendicular to
compression direction) inside the 100-nm TiO2 particle during
loading with a velocity of 40 m/s at 115, 270, 480 and 535 ps after
start of the loading. Stress localization and stress release can be
clearly seen in the compressive stress results from 270 to 535 ps,
respectively. Shear strain fields depict formation of ‘‘inelastic
localized deformation’’ and ‘‘shear localization ‘‘at the upper and
lower part of the particle and their distribution toward the center of
the particle (270-535 ps). The temperature fields reveal generation of
heat in the deformed areas in the upper and center parts (480 ps), and
later heat diffusion (535 ps). The particle dimensions are too large for
a more homogenous heat distribution during the considered time
scales. Stress fields in X-direction show an inhomogeneous distribu-
tion. The formation of the loading crack in the surface of the particle
can be recognized by comparing the development of locally high X-
stresses at 270 and 480 ps, respectively
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associated with this maximum stress concentration in X-
direction. Tracing the stress in X-direction at 270 ps and
480 ps also reveals areas of minimum stress concentration
close to the interfaces to the upper and lower jaws. This is
probably associated with the overall stress compensation
by inelastic shear phenomena at the contact area regions,
and bonding to the jaws.
In summary, the analyses of temporal development of
stress, strain and temperature fields during particle com-
pression provide useful information on phenomena that are
associated with particle deformation. The results show that
a larger inhomogeneity in stress and strain concentration in
larger particles enhances local deformation and possible
crack formation.
Figure 6 summarizes the compressive strength/normal-
ized displacement data for the compression simulations of
the monolithic TiO2-anatase particles of different sizes. For
all particle sizes, an almost linear regime with the same
trend can be recognized up to 5% displacement, associated
with the elastic deformation. For all sizes, the trend chan-
ges after reaching a maximum compressive stress of about
10-12 GPa, the pressure or stress then decreasing with
increasing displacement. This observed strain softening can
be attributed to the occurrence of localized inelastic
deformation and shear localizations, as described by the
shear strain fields depicted in Fig. 3. The deformation by
localized inelastic deformation seems to occur stepwise, as
indicated by the rather large scatter of stress for increasing
displacement, the stress amplitude during this strain soft-
ening for small particles being larger than for the bigger
ones. From this diagram, a compressive strength of 11 GPa
can be derived as the compressive stress of the developed
Lennard-Jones particles, which is in good agreement with
the available compressive stress data of 10-12 GPa,
reported for single-crystalline TiO2-anatase particles in the
literature (Ref 25, 33).
Features of High-Speed Particle Impacts
Impact Morphologies
This section describes the role of the particle size on par-
ticle morphologies for high-speed particle impact during
aerosol deposition. Respective analyses were subsequently
performed for the range of particles sizes and impact
velocities as described by the methods. The simulations
show that particle impact results in particular, distinct
morphologies, depending on size and velocity. Typical
examples of these different morphologies are compared in
Fig. 7 for the impacts of a small and a large particle, the
selected velocities being typical for the presented phe-
nomena. Figure 7(b), (c) and (d) shows the distinct impact
morphologies of a monolithic TiO2-anatase particle with
the initial diameter of 50 nm for impact velocities of 300,
500 and 600 m/s, respectively. Typical impact behaviors
and thus morphologies can be distinguished as follows.
(i) Rebounding is observed for velocities equal and less
than 400 m/s. The particle reverses after impact onto the
substrate by back-striking elastic forces between the par-
ticle and the substrate. Rebound cracks are formed and
seem to be associated with shear crack formation (Ref 38).
During rebounding, particles usually keep their original
shape, aside some small remains adhering to the substrate.
(ii) Bonding behavior is observed for a velocity range from
400 to 500 m/s. Bonding is defined by the whole particle
sticking to the substrate. Bonding can be associated with
the formation of internal cracks, which do not cause frac-
ture or particle fragmentation under the prerequisite that
these internal cracks cannot reach to the outer surface.
Then, even crack closure may be observed (Ref 8). During
bonding, the particles show substantial flattening by
deformation. The observed crack in the bonded particles
was mainly perpendicular to the substrate, parallel to the
impact direction and created at upper part of the particles
which is similar to the configuration of meridional cracks
in spherical ceramic particles (Ref 39)—Fig. 7(c). (iii) At
velocities higher than 500 m/s, the particle impact behavior
is described by fragmentation. Typically, the particle is
separated into 3 or more parts upon collision with the
substrate. Fragmentation is usually accompanied by flat-
tening and deformation before the first crack appears.
For significantly larger sizes, the velocity ranges and the
appearance of impact behaviors differ from those observed
for the smaller ones. As examples, Fig. 7(e), (f) and
(g) depicts the results on impact morphologies for a TiO2-
Fig. 6 Calculated compressive strength/normalized displacement
relations under compression for different TiO2 particle sizes ranging
from 10 to 300 nm. All particles were compressed to 20% reduction
of their initial height. By associated iteration steps, the material model
was tuned to match the compressive strength according to experi-
mentally reported data
J Therm Spray Tech (2021) 30:503–522 511
123
anatase particle with a diameter of 300 nm, travelling at
initial velocities of 200, 300 and 400 m/s, respectively. For
this size, only two different impact behaviors are observed.
(i) Rebounding occurs at impact velocities of less than
400 m/s. However, the rebounding features at 300 m/s of
this 300-nm particle are different from those of the small
particle, 50 nm in size (compare Fig. 7b with Fig. 7f). In
the 300-nm particle, beside the transversal rebounding
cracks seen at 300 m/s, in addition, a meridional crack and
a longitudinal crack spreading about radially from about
the particle center are observed. (ii) The fragmentation
behavior in the 300-nm particle occurs at impact velocities
equal or higher than 400 m/s. Also features of fragmenta-
tion of the larger 300-nm TiO2-anatase particle (Fig. 7g)
differ from those of the small 50 nm one—Fig. 7(d). For
the large particle, beside the first large radial crack, several
others develop parallel to the impact direction, resulting in
a larger number of fragments. Interestingly, some of these
secondary cracks also initiate at the interface to the sub-
strate. In addition, within the fragmentation regime, the
larger particle gets less flattened than the smaller one.
Figure 8 summarizes the observed impact behaviors of
particles with respect to their size and initial impact
velocity. The accuracy of this diagram corresponds to steps
in impact velocities of 50 m/s; only for the size of 75 nm,
the step width had to be refined to 10 m/s. The transition
velocity between the rebounding and bonding behaviors is
constant and equal to 400 m/s for nearly all particle sizes.
Fig. 7 Impact scenarios as obtained from MD simulations at room
temperature as starting condition distinguishing phenomena as
(i) rebounding, (ii) bonding and (iii) fragmentation. (a) shows the
initial MD impact test setup. Calculated impact morphologies of TiO2
particles in a size of 50 nm are given for impact velocities of (b) 300,
(c) 500 and (d) 600 m/s. Impact morphologies of a particle size of
300 nm are shown for impact velocities of (e) 200, (f) 300 and
(g) 400 m/s (g). Three typical impact behaviors of (i) rebounding (b),
(ii) full bonding without fragmentation by crack suppression (c) and
(iii) partial bonding with fragmentation (d) are observed in the 50-nm
TiO2 particle. For the 300-nm TiO2 particle, phenomena as
(i) rebounding with and without fragmentation (e, f) and (iii)
fragmentation (g) can be distinguished
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Only for the smallest size of 10 nm, no rebounding
behavior could be observed. Concluding from the general
trend, the rebounding behavior is not a size-dependent
feature, with an exception for very small sizes. The tran-
sition velocity between the impact features bonding and
fragmentation decreases with increasing particle size,
resulting in complete absence of the bonding regime for
sizes of 100 nm and 300 nm. This phenomenon could be
attributed to the kinetic energy of larger particles that can
be high enough to provide the required energy for particle
fracture. In addition, fragmentation might be supported by
the higher inertia of large particles that locally could be
translated into torque and respective stresses. Possible
reasons for the size dependence of the bonding and frag-
mentation behaviors are given in the next section by
evaluation of stress, strain and temperature.
Development of Stress, Strain and Temperature
In order to study the size dependency of the bonding and
fragmentation behaviors by stress, strain and temperature
analysis, distinct particle sizes of 50 and 300 nm were
selected. According to Fig. 8, different features for these
sizes can be best distinguished at an impact velocity of
500 m/s, the 50-nm particle showing complete bonding
behavior, whereas the 300-nm particle is subject to frag-
mentation. Respective results for the two particle sizes
concerning stress, strain and temperature developments are
shown in Fig. 9 and 10.
Figure 9 exhibits the temporal development of stress in
Y (parallel to the impact direction), shear strain, tempera-
ture and stress in X (perpendicular to the impact direction)
in the 50-nm particle colliding at the impact velocity of
500 m/s on to the substrate. Time sequences of 5, 10, 25
and 75 ps after initial contact to the substrate are selected
in order to illustrate the most important changes in stress
concentration at the contact area, stress releasing, localized
inelastic deformation and temperature evolution, as well as
possible reasons for crack formation. As shown in
Fig. 9(a), a homogenous stress gradient in Y direction
(parallel to the impact direction) develops from the contact
point maximum stress, being more localized at the inter-
face to the substrate. Despite the ongoing compression by
particle movement and the increase in contact area to the
substrate, local compressive stresses show a relaxation with
increasing time, which cannot be explained just by elastic
phenomena. The explanation for this stress pattern devel-
opment is given by the formation of localized inelastic
deformations depicted in the shear strain fields in Fig. 9(b).
From comparing the stress in Y direction in Fig. 9(a) with
the shear strain fields in Fig. 9(b), it becomes obvious that
these inelastic deformations occur locally in areas of
highest shear stress and that local stress release is associ-
ated with the formation of the localized inelastic
deformations.
The simulated deformation pattern in the 50-nm particle
in Fig. 9(b) is very similar to the presented deformation
pattern of the 50-nm particle in the compression simula-
tions (Fig. 3c) concerning features of ‘‘localized inelastic
deformation’’ along the slip directions and ‘‘shear local-
ization.’’ Within the considered time sequence of Fig. 9(b),
the localized inelastic deformation spreads mainly into the
lower half of the particle interior. By side branching, the
strain distribution and local concentration affect a consid-
erable part of the particle volume, being much less local-
ized at the interface to the substrate.
The local temperature evolution at the time sequences of
5, 10, 20 and 75 ps inside the 50-nm particle is depicted in
Fig. 9(c) via analyzing the kinetic energy of atoms in the
surrounding of defined atoms. The comparison of the
evolution of local temperature fields (Fig. 9c) with that of
the strain distribution fields (Fig. 9b) reveals that the par-
ticle deformation results in local heat generation associated
with inelastic deformation. For the size of 50 nm, a rather
homogeneous temperature distribution within the whole
particle is attained at 75 ps (end of impact and simulation).
Maximum temperatures of only 600 K are reached in the
bonded 50-nm particle at an impact velocity of 500 m/s. As
mentioned above, even within the investigated short time
scales, heat diffusion seems to play a role, leading to a
temperature rise also in regions that are not or less
deformed, finally resulting in a rather uniform temperature
distribution.
Figure 9 also illustrates details of crack formation at the
upper part of the 50-nm particle by series of stress fields in
X direction in Fig. 9(d). In the selected time sequence, in
X-direction, high tensile stresses are created inside the
Fig. 8 Impact behavior map for TiO2 particle of sizes and impact
velocities. The accuracy corresponds to steps in impact velocities of
10 m/s for a diameter of 75 nm and 50 m/s for the others
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particle in the center region and then spread to the upper
parts of the particle at already 5 and 10 ps after the contact
time. The high stresses in X direction cause crack nucle-
ation and crack growth to the upper part of the particle.
Associated with the crack formation, local stresses relax, as
seen by the stress field development for times C 20 ps after
initial contact. It might be worth noting that the crack width
decreases for long time scales of 72 ps and that locally
even crack closure can be observed.
Figure 10 displays the temporal development of stress in
Y (parallel to the impact direction), shear strain, tempera-
ture and stress in X (perpendicular to impact direction) in
the 300-nm particle colliding with the impact velocity of
500 m/s to the substrate. The time steps of 20, 50 and 80 ps
after the first contact to the substrate are selected to reveal
the most important phenomena during the collision to the
substrate in order for a deeper understanding of the
deformation and the final fragmentation behavior. The
velocity of 500 m/s is taken here just as an example in
comparison with phenomena in smaller particles showing
bonding as described before.
According to the stress fields in Y direction in Fig. 10(a),
stress concentrations are maximum close to the contact
area to the substrate and at 20 ps after the first contact time
and decline with steep gradients to the side (X-direction)
and rather homogeneous gradients towards particle center.
According to the stress fields in Fig. 10(a), the stress in
Y direction is then relaxed at 50 ps and 80 ps mainly in the
lower part of the 300-nm particle. As for the small particle
described above, the stress relaxation can be explained by
inelastic deformation as assessed via shear strain analysis.
20 ps after the first contact, when the stress concentration
Fig. 9 Temporal development of stress in Y (parallel to the impact
direction), shear strain, temperature and stress in X (perpendicular to
impact direction) inside the 50-nm TiO2 particle during impact with a
velocity of 500 m/s at 5, 10, 20 and 75 ps after the first contact to the
substrate. Stress localization and stress release can be clearly seen in
compressive stress results at 5 and 10 ps, respectively. Shear strain
fields depict phenomena of ‘‘inelastic localized deformation’’ and
‘‘shear localization ‘‘at the lower part of the particle (5 ps) and their
distribution toward the center of the particle at later time steps (10-
20 ps). Local temperatures reveal a heat generation in highly
deformed zones (5-10 ps), at later time steps also heat diffusion
rising the temperature in less deformed areas (20-75 ps). Crack
nucleation and growth at the upper part of the particle can be
explained by stress concentration in X at 10 ps after first contact
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of the 300-nm particle peaks at the interface to the sub-
strate, the shear strain results in Fig. 10(b) already indicate
the occurrence of localized inelastic deformations along the
slip directions, spreading from the interface to the center of
the particle. With increasing time, as given by the snap-
shots at 50 and 80 ps after the initial contact, areas of
localized inelastic deformation then extend laterally at the
interface and from the interface towards to the center of the
particle, forming a highly deformed cone shape region at
the particle bottom close to the interface. The comparison
to Fig. 10(a) shows that the development of shear strain
fields inside the particle correlates well to the decline in Y-
stress fields. In areas of shear localization, a change in
strain spread from slip direction to 45 can be observed.
The occurrence of localized inelastic deformation inside
the particle in Fig. 10(b) causes heat generation. Fig-
ure 10(c) shows the respective temperature fields. Tracking
of local temperatures reveals that local temperatures are
Fig. 10 Temporal development of stress in Y (parallel to the impact
direction), shear strain, temperature distribution fields and stress in
X (perpendicular to impact direction) inside the 300-nm TiO2 particle
during impact with a velocity of 500 m/s at 20, 50 and 80 ps after the
first contact to the substrate. Stress localization and stress release can
be recognized by comparing stress Y fields at 20 and 50 ps,
respectively. Shear strain fields show formation of ‘‘inelastic localized
deformations’’ and ‘‘shear localization ‘‘in the lower part of the
particle (20 ps) and their converging distribution mainly within the
lower part of the particle (20-80 ps). Temporal temperature fields
reveal generation of heat in the deformed areas in the bottom part
(50 ps), and only minor, local spread of heat (80 ps). The particle
dimensions are too large for more homogenous heat distribution in
considered time scales. Fragmentation in the upper part of the particle
can be recognized by comparing stress X fields at 50 and 80 ps,
consequently
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maximum in areas of highest shear concentration. The
generated heat within the inelastic deformation cone
spreading from the bottom part of the particle inside center
increases the maximum temperature locally up to 1200 K.
Within the selected time scales, the generated heat does not
dissipate to a larger volume of the 300-nm particle, thus
still staying rather localized. It should be noted here that
the occurrence of shear cracks between time steps of 50
and 80 ps hinders the heat diffusion to areas outside the
main deformation cone (see local gradients in X-direction
close to the interface to the substrate at 80 ps).
The fragmentation behavior of the 300-nm particle can
be explained by the influence of stress in X-direction, as
shown in Fig. 10(d). Similar to the small, 50-nm particle,
also the large, 300-nm particle shows maximum stress
concentration in X direction at the middle and upper parts
opposite to the contact area to the substrate. Interestingly,
the X-stresses stay rather low in the lower part of the
particle, probably associated with the overall stress com-
pensation by inelastic shear phenomena. The initial for-
mation of a mainly radial crack occurs close to the particle
center and is associated with a very local relaxation in X-
stress. By crack growth, the internally formed radial cracks
in the 300-nm particle can reach to the outer surface of the
particle and cause fragmentation. As compared to the small
particle 50 nm in size, the number of the internal cracks is
higher. This can be explained by the steep stress gradients
still leaving a high stress concentration in the vicinity of
the primary one, all that being attributed to the larger
kinetic energy of the large, 300-nm particle and respective
translation of momentum into torque by fixed boundary
conditions, i.e., limited degrees of freedom for material
movement. It may be noted here that the formation of shear
cracks only shows minor influence on the development of
the X-stress.
For clarifying possible influences, the generation and the
diffusion of heat inside the 300-nm particle were analyzed
at impact velocities of 100, 300 and 400 m/s at the end of
the simulation. Respective results are shown in Fig. 11.
Figure 11(a) shows that at the impact velocity of 100 m/s
the temperature does not increase significantly in the
300-nm particle. According to Fig. 11(b), at an impact
velocity of 300 m/s, the maximum local temperature
reaches about 600 K at the lower part close to the interface
to the substrate of the 300-nm particle. As shown in
Fig. 11(c), the maximum value of the local temperature at
the lower part reaches about 1000 K at an impact velocity
of 400 m/s. As most important feature, it should be
emphasized that the local temperature rise spreads into a
significant amount of the particle volume within the area of
the deformation cone. In accordance with Fig. 10(c),
locally reached temperatures could be rather high, here
possibly enhancing thermally activated processes during
the deformation, as enhanced inelastic deformability
afterwards.
Discussion
General Deformation and Failure Features
In this MD simulation study, a brittle material with similar
mechanical properties to the TiO2-anatase phase was cre-
ated by tuning of Lennard-Jones parameters. In order to
understand the influence of the particle size and general
features in deformation and failure, the slow strain rate
compression behavior was modeled for particles with ini-
tial diameters of 10-300 nm. The behavior of the TiO2-
anatase particles under compression was then studied by
(i) particles morphologies after unloading, (ii) local shear
strain distributions and (iii) the compressive stress–dis-
placement results.
By shear strain mapping, fields of localized inelastic
deformation and areas of shear localization inside the
TiO2-anatase particles are identified. These features are
observed for all particle sizes within the range from of 10
Fig. 11 Heat distribution patterns in the 300-nm TiO2 particle at different impact velocities of (a) 100 m/s, (b) 300 m/s, (c) 400 m/s at the end of
the impact simulation
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to 300 nm. The localized inelastic deformation primary
occurs along the slip directions of the (11) plane of the
closed packed 2-D system. The fields of localized inelastic
deformation mainly spread from the interface to the
deformation tool towards the particle center. By the inter-
section of the slip systems shear localization gets promi-
nent, which just means that the amount of deformation is
higher inside the particle close to core in comparison with
areas close to the interface where the deformation starts.
Shear localization can also change the direction of defor-
mation from the slip direction to the maximum shear strain
direction of 45.
The compressive stress/normalized displacement curves
for all considered particle sizes show a rather similar
behavior in the elastic regime and allow deriving an ulti-
mate compressive stress (UCS) of about 11 GPa. The
decline of compressive stress with ongoing deformation
after passing the maximum compressive stress indicates
strain softening, as usually associated with locally activated
failure or deformation as observed for local fracture in
composites (Ref 40) or shear banding in metallic glasses
(Ref 41), respectively. However, the decline is not con-
tinuous, showing significant fluctuations in stress. This can
be explained by higher thresholds for the activation of new
slip systems for further deformation (Ref 42). The higher
amplitude in stress fluctuation for smaller particles is due to
the lower number of atoms over which compressive stress
is averaged. This could indicate that sizes of active
deformation systems or local constraints hindering defor-
mation might be of similar size, independent from particle
diameter. In summary, the combination of strain mapping
and stress displacement curves under compression indi-
cates that the observed ‘‘localized inelastic deformation’’
can be associated with phenomena like shear banding.
According to the deformation morphologies, particles
equal and smaller than 75 nm do not fracture during
compression up to a displacement of 20% height reduction
of the initial particle diameter. In contrast, larger particles
with sizes of 100- and 300-nm particles do show cracks
during compression. In these bigger particles, the cracks
mainly nucleate at the active slip systems as shear crack,
but then later during growth can change direction. There-
fore, particle fracture under low strain rate compression of
TiO2-anatase particles is considered as size dependent.
This may be attributed to different sizes of crack nuclei
depending on system size and thus respective limits to
reach overcritical lengths. In detail, the situation will be
more complex since also the influence of particle size on
local stress states and final stress concentration should be
considered. Interestingly, fracture seems to start as mode II,
in plane shear, and most prominently respective stress
components. However, the formation of loading cracks
should not be overinterpreted, since local stress states also
depend on the system configuration. In the present com-
pression model, X and thus shear stresses could be
enhanced by allowing for rigid contact between particle
and jaw atoms.
Despite the simplifications used in modeling and the
choice of material system, the present simulation results
are in excellent agreement with observed trends in exper-
imental analyses of submicron Al2O3-particle compression
(Ref 43). Simulation and experiments detect inelastic
deformation before failure. The experiments also prove that
bigger particles are more prone to crack formation than
smaller ones. For both, the modeling results of the present
study can provide more information to understand associ-
ated phenomena. However, it should be noted that absolute
numbers for particle sizes and required stresses are not
comparable, due to the simplifications used in present 2-D
modeling.
High-Speed Impact Phenomena
The general features observed for quasi-static compression
as fields of ‘‘localized inelastic deformation’’ and ‘‘shear
localization’’ by the intersection of the slip systems are also
found as main impact phenomena in high-speed particle
impact. However, due to different loading conditions,
overall strain and deformation rates, respective final mor-
phologies differ. The modeling results for TiO2-anatase
particles showed that impact phenomena vary with particle
sizes and initial velocities (Fig. 7 and 8). In a velocity
range of 100-800 m/s, particles with diameters of 25, 33,
50 and 75 nm show impact behaviors of (i) rebounding, (ii)
bonding and (iii) fragmentation. Larger particles with sizes
of 100- and 300-nm particles only show (i) rebounding and
(iii) fragmentation.
Only for very small particles of 10 nm, no rebounding
was observed. Here, the limited amount of overall particle
kinetic energy converts to low elastic energy stored in the
system, insufficient to exert the required tensile forces for
fracture. Aside from that, the transition velocity (Fig. 8)
between the rebounding and bonding phenomena of 400 m/
s seems to be rather independent of particle size. In con-
trast, the transition velocity between bonding and frag-
mentation strongly depends on the particle sizes. The
transition velocity between the bonding and fragmentation
regions decreases with particle sizes up to 75 nm. The
regime for bonding of full particles then vanishes for larger
sizes of 100 and 300 nm. This rough classification just
describes whether complete particles can stick to the sub-
strate. Details on local microstructure integrity are given by
individual crack distributions. Even in the bonding regime,
longitudinal or radial cracks can occur. These do not nec-
essarily cause fragmentation, if they do not propagate all
the way to the surface (as shown in Fig. 7 for the 50-nm
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particles at velocity of 500 m/s). Observed crack lengths
and amounts of cracks increase with particle size and can
be attributed to local stress states.
A deeper understanding can be achieved by investigat-
ing the temporal evolution of stress, strain and temperature
fields during the impact (see Fig. 9, 10). Generally, the
impact causes Y-stress in particle moving direction rising
up at the interface to the substrate, and showing a rather
homogeneous decline in direction towards particle center
as well as a sharp decrease perpendicular to impact direc-
tion. The compressive stress is usually several times greater
than the measured compressive stress of the TiO2-anatase
particles determined by the compression test simulations.
Thus, the stress concentration is high enough to activate the
formation of localized inelastic deformation and shear
localization at the lower part of the bonded particles. As a
consequence of the stress gradients, the deformation pat-
tern in bonded particles resembles a cone shape pattern,
spreading from the interface to the substrate towards the
inside of the particle, for simplicity in following termed as
‘‘shear cone.’’
With ongoing deformation, the stress fields show inter-
nal patterning. As for particle compression, respective local
stress relaxation can be associated with distinct areas of
localized inelastic deformation spreading from the inter-
face to the substrate into the particle interior. The associ-
ated deformation causes particle flattening. The
intersection of these fields of localized inelastic deforma-
tion close to the particle’s center results in a shear local-
ization, similar to the phenomena observed in particle
compression. Also, for the particle impact, in areas of shear
localization, a change of shear direction from the slip
system to maximum shear stress at 45 could be observed.
With ongoing deformation, the area of shear localization
spreads with the increase in contact area, and the ‘‘shear
cone’’ extends further to the inside of the particle. The
deformation mainly occurs in areas of the shear cone and
the shear localization inside the particle is probably the
major difference to phenomena observed for metallic par-
ticles in cold spraying, where most strain occurs directly at
the interface to the substrate or to already impacted parti-
cles (Ref 6, 7). In comparison with cold spraying, it should
also be noted that according to this modeling results, the
inelastic deformation in AD is distributed over a larger
volume. With overall less inelastic deformation by the
different deformation features, this results in locally far less
concentrated shear strain than observed in CS.
The occurrence of localized inelastic deformation results
in a local temperature rise. By heat diffusion, the temper-
ature can spread over the particle volume even within the
very short time scales, at least for the small length scales
for particle diameters B 50 nm. For larger particles, where
diffusion pathways are longer, the heat remains localized
around the shear cone of highest inelastic deformation
between the interface to the substrate and the particle
center. In the case of AD of a particle size of 300 nm, areas
of shear localization reach temperatures of up to 1200 K.
The heat concentration is supported by local cracks hin-
dering diffusion. A locally higher temperature can assist
the activation of inelastic deformation and can also assist
subsequent fusion and crack closure. Thus, for bigger
particles larger areas of shear localization could be
expected, as well as a higher amount of areas of localized
inelastic deformation.
Particle fragmentation is mainly due to longitudinal or
radial cracks caused by X-stresses perpendicular to the
impact direction in combination with shear cracks that
nucleate at areas of localized inelastic deformation. Both
types of stresses are caused by diverting the material flow
from impact direction (velocity in Y-direction) to the sides
(X, and XY). For bigger particles, the shape adoption in
integral involves more atomic displacements in affected
regimes than for smaller ones. In addition, the higher
inertia of bigger particles is translated to larger parts that
change material flow direction and thus cause wider
regimes of higher lateral X-stresses than for smaller ones.
However, primary cracks only cause a stress relaxation in
their close vicinity (see Fig. 9d, 10d). Therefore, the lateral
X-stress in the upper regime of the bigger particles is still
high and still growing with ongoing deformation, thus
enabling the formation of additional cracks causing
fragmentation.
Consequences for Coating Formation
Concluding the above discussion for single impacts, the
occurrence of cracks determines the deposited particle
volume, and the parts that get fragmented and are lost.
Only the well bonded volume within or in the vicinity of
the shear cone area experiences sufficient localized
inelastic deformation, spreading into particle center, and
does not contain cracks. However, due to the inelastic
deformation, the shear cone volume will contain high
amounts of lattice defects. The transition velocity between
the bonding and the fragmentation behavior defines the
thresholds for crack formation. With respect to particle size
effects, these thresholds define conditions for intact shear
cone formation. In coating build-up, particles deposited
first will be hit by following ones and either being removed
completely by high local stresses, or getting fractured along
pre-existing cracks, mainly leaving parts of shear cone
areas attached to the surface, and in some instances
bonding to that. This interpretation for the transition
velocity between and fragmentation, and the observed
decline of this velocity for larger particles can explain the
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experimentally observed minimum particle sizes needed
for successful coating formation by AD (Ref 5).
The simplified 2-D model of this study should be suf-
ficient to describe trends for bonding of ceramic particles.
However, it would fail to describe real systems for several
reasons. One additional degree of freedom for deformation
in 3-D allows for different stress states and steeper gradi-
ents during impact. The present 2-D analyses are also
suffering from a simplified closed packed lattice model. In
real 3-D systems, molecular crystal structures would
involve less active slip systems for localized inelastic
deformation. It may be expected that less slip systems
enforce an earlier change in main shear direction towards
maximum shear strain. Consequently, this may result in
larger amounts of areas inside the particle with highest
shear localization and associated grain rotation and grain
refinement, as observed in experimental investigations (Ref
1-5). Considering the limits of 2-D analyses, given num-
bers concerning threshold velocities and particle sizes
should be interpreted with care. Thus, the here reported
transition to fragmentation and grain refinement might be
interpreted as very rough guideline for minimum sizes,
than for real deposition experiments with larger particles
resulting in coating formation by AD.
Coating deposition occurs under multiple impacts. By
impacting secondary particles onto primary ones under
whatever lateral offset and velocity, pre-damaged parts in
the upper particle region would be prone for failure. Also
completely bonded particles that are hit by secondary ones,
particularly under lateral offset, will suffer from the com-
plex stress distribution and locally high tensile forces
allowing for detachment/erosion.
Despite the limits of 2-D analyses, the present study can
provide some information on the interplay between stresses
and local strain, and consequences for particle deformation
and associated shear cracks as well as radial cracks causing
fracture and contribute to a better understanding of particle
impact in AD. For smaller particles, associated thresholds
for fracture are more difficult to reach, necessitating higher
impact velocities. Related to that, the spread of mechani-
cally stable shear cones seems to be an important factor
that determines possible particle size effects in AD.
Comparison with Experimental Results
By constraints of computational time, the maximum
diameter of particles in the MD modeling was limited to
300 nm. However, the range of the selected particle sizes
was wide enough to reveal three different types of impact
behavior of TiO2-anatase particles smaller than 300 nm.
For particles equal or larger than 300 nm, only impact
behaviors of the types rebounding and fragmentation are
expected to happen. Considering that rebounded particles
cannot form AD layers, the modeling results predict that
during formation of TiO2-anatase AD layers in reality,
where for example particle sizes of to 2.4 micron are used,
only fragmented particles take part in AD layer formation.
Therefore, the cone formation by shear deformation can be
assumed to play a key role in building up coatings by AD.
In fact, formation of AD layers without considering the
formation of the cone shape regions remaining after frag-
mentation on the substrate is meaningless. It is also
expected that at high impact velocity, where the kinetic
energy of particle is too high, the cone can be destroyed by
the kinetic energy of following particles and therefore no
AD layers can be formed. The formation of the cones on
the surface roughly corresponds to the hammering effect
concept (Ref 5), although details on that are sparsely
reported. An additional role can be attributed to local
temperature rises inside the cone shape regions in large
particles. A higher temperature can support deformation
and might avoid erosion by following particles.
Bonding Models in AD
As briefly given in Introduction, possible bonding mecha-
nisms for aerosol deposition are mainly distinguished into
(i) room temperature impact consolidation (RTIC), which
includes particles deformation and fracture during impact
(Ref 3, 8, 9), (ii) formation and fusion of new clean frac-
tured surfaces upon impact (Ref 11) and (iii) fragmentation
and packing consolidation (Ref 10). In this section, the
results of the present study are compared with these three
possible explanations for bonding in AD. The main fea-
tures of the present study are in agreement with the widely
accepted description of RTIC (Ref 3, 10, 11, 31, 32).
Plastic deformation inside the brittle particles carries out in
a very local manner along the slip directions and can even
cause shear localization at the intersection of slip directions
inside the particle. In fact, in comparison with the previous
investigations, the present study can reveal more details
about particles deformation in AD and associated basic
mechanisms. Previous reports demonstrated that AD is
associated with size-dependent features of particle frag-
mentation (Ref 5, 8, 9). The presented MD simulation
results revealed that particle fragmentation is mainly
caused by lateral tensile stress (perpendicular to impact
direction) resulting in radial cracks in the top part of the
particles and by the high shear strains aside the cone
regions and possible shear cracks at the lower particle
parts. In addition, the present provides information on the
influence of particle size on the rebounding behavior,
which has not been studied by others so far. In summary,
the present MD simulations thus reveal new details con-
cerning regarding the RTIC mechanism in AD.
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The presented features during the impact of larger par-
ticles correspond to the fragmentation and packing con-
solidation mechanism presented by Chun et al (Ref 10).
According to the MD simulations, the local temperature of
particles with sizes of 300 nm or probably larger can rise
locally up to 1200 K, which should be sufficient for con-
solidation. In addition, particle fracture hinders dissipation
of the heat to lost parts and thus retains the high temper-
ature inside the remaining cone region on the substrate and
might support bonding of following particles in AD.
Concerning the hypothesis of formation and fusion of
new clean fractured surfaces (Ref 11), the MD simulations
show that for particles equal and smaller than 50 nm, that
completely bond to the substrate, partial crack suppression
can occur close to the outer top surface—Fig. 7(c). This
phenomenon however was never observed for particles
larger than 50 nm. Therefore, it is expected that the
hypothesis of formation and fusion of new clean fractured
surfaces (Ref 11) might be only valid for particles that are
too small for practical use in AD due to the deceleration by
the bow shock in front of the substrate surface. Whether
such mechanisms might apply to individual fragments is
not clear yet. However, it must be considered that the
velocity of detached parts after fracture is much lower than
the original particle velocity and that possible impact
angles of fragments are far from optimum.
Conclusion
The results from simplified 2-D MD simulations of 10- to
300-nm TiO2-anatase particles under compression and
impact in aerosol deposition of TiO2 particles can be
summarized as follows:
1. Low strain rate particle compression simulations
revealed the occurrence of ‘‘localized inelastic defor-
mations’’ along the slip systems and at areas of their
intersection showing ‘‘shear localizations.’’ Localized
inelastic deformation and shear localization are iden-
tified as main deformation phenomena under
compression.
2. In particle compression, fracture is size dependant,
being more prominent for larger particles.
3. High-speed impact simulations reveal three different
impact behaviors of (i) rebounding, (ii) bonding and
(iii) fragmentation, depending on particle sizes for
small particles. Larger particles only show (i) rebound-
ing and (iii) fragmentation.
4. The transition velocity between rebounding and bond-
ing is nearly independent of particle size. In contrast,
the transition velocity between bonding and fragmen-
tation decreases with size.
5. Similar to results from compression, ‘‘localized inelas-
tic deformation’’ and ‘‘shear localization’’ are identi-
fied as main deformation features in modeling high-
speed impact of the anatase particles. Bonding to the
substrate is mainly related to localized inelastic
deformation starting at the interface of particles and
substrate, and extending as shear cone into the particle
interior.
6. Temporal evolutions of field variables as stress, strain
and temperature reveal that inelastic deformation and
shear localization can locally cause significant tem-
perature rises.
7. Particle deformation is associated with crack forma-
tion, cracks being more prominent for larger particle
sizes. Crack-free zones are only observed in the shear
cone areas, spreading from the particle–substrate
interface to center of the particle.
8. Crack-free zones in areas of shear cone formation
could be a necessary prerequisite for the formation of
layers during AD layers by multiple particle impact.
9. The deformation features of ceramic particles in
aerosol deposition are completely different to those
in cold spraying of ductile particles. In AD of brittle
particles, highly deformed areas spread as shear cone
towards particle center, whereas in CS most of the
plastic deformation is localized at the interface of the
particle to the substrate. Thus, the strain distribution in
AD is much less localized than that of CS.
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